The typical models, namely, Hybrid (HYB) model, Technology Service Corporation (TSC) model, and Naval Research Laboratory (NRL) model, reveal a large deviation at medium and high grazing angles that leads to an inaccurate prediction of sea clutter backscattering coefficient, owing to a limitation of the measured Nathanson data. An improved model for sea clutter reflectivity is proposed as a function of grazing angle, azimuth direction, radar polarization and wind speed, based on the SEASAT-A Satellite Scatterometer (SASS) model with sufficient measured data at Ku-band. To deal with the redundant structure of SASS model, the improved SASS model is developed to simplify the calculation of mean backscatter coefficients of sea clutter. In addition, the design algorithm of the improved SASS model, as well as the model usage method is presented. The reliability of the improved SASS model is proved by comparisons with Nathanson models and measured sea clutter data.
Introduction
The mean backscatter coefficient of sea clutter, The mean backscatter coefficient of sea clutter, 0  , is an important parameter of interest in sea clutter simulation. For instance, it is necessary to estimate the scale and shape parameters of K-distribution in clutter simulation, which reflect the clutter intensity and fluctuation degree respectively. Thus, the mean clutter power in a resolution cell should be calculated according to mean clutter reflectivity models, such as the HYB model [1] , the TSC model [2, 3] , and the NRL model [4] . However, these models are developed from Nathanson data with only three data tables at 10  , 30  and 60  which is a severe limitation in clutter simulation for a fine resolution radar at medium and high grazing angles ( 10   ) [5] . Fortunately, sea clutter data measured by scatterometers contains a wide range of grazing angles. The radiometer-scatterometer (RADSCAT) mean backscatter data was measured at grazing angles from 45  to 90  with an intervals of 10  [6] . In [7] , the normalized scattering coefficients were modelled as a power function between surface wind and grazing angles. However, these models are only based on certain experimental conditions and do not compare with other experiments. In [8] , the SASS model was established based on a measurement database from about 20 aircraft scatterometer flights. It is an empirical function between 0  and the neutral stability wind speed at 19.5 m above ocean surface at 13.9 GHz [6] . The effective grazing angle range of the SASS model is covered from 20  to 90  . The model has two coefficients G and H , which are tabulated in a G-H table with every Fortunately, sea clutter data measured by scatterometers contains a wide range of grazing angles. The radiometer-scatterometer (RADSCAT) mean backscatter data was measured at grazing angles from in grazing angle and every 10  in azimuth for VV and HH polarizations. However, the SASS model with a discrete G-H table is too complicated and redundant in sea clutter simulation.
In this paper, an improved SASS model is proposed as an simplification of SASS model by curve fitting with the measured data in G-H table in [8] . The improved SASS model is validated by comparisons with Nathanson models and measured radar sea clutter data in Ku-band at different grazing angles, wind speeds, and azimuth directions.
The Nathanson Models

The HYB Model
The HYB model [1] considers the influence of atmospheric waveguide and had the similar structure with the TSC model. The scattering coefficient at a grazing angle of 0.1  , sea state of 5, upwind direction and vertical polarization is defined as a reference value of the HYB model. The definition of the HYB model is as follows:
is the reference value of the HYB model. 
The TSC Model
The TSC model [3] is a function of grazing angle, radar frequency, sea state, wind aspect angle and polarization. The model value is an average of the upwind, crosswind and downwind direction and covers a frequency band from 0.5 GHz to 35 GHz. The effective average of grazing angle is 0.1  to 60  , when the quasi-specular reflection part of TSC model is neglected. The TSC model function is defined as:
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where  is the grazing angle (radians), z  is the standard deviation of sea surface height (m). l G , l G , and w G are the low grazing angle factor, wind direction factor and wind speed factor, respectively.
The NRL Model
The NRL model [4] was developed by data fitting with the Nathanson tables. It was designed with the minimum deviation compared with the other Nathanson models. The definition of the NRL model is: 
where  is the grazing angle (degrees), S is the Douglas sea state, and f is the radar frequency (GHz). 15 cc are fixed model coefficients refer to polarization mode.
The Algorithm for the Improved SASS Model
In this paper, an improved SASS model is developed to calculate the mean backscatter coefficient of sea clutter at medium and high grazing angles in Ku-band. The improved SASS model is a modification of the original SASS model in [8] , and it is designed with the same structure of Ulaby's model [6] . Furthermore, the improved SASS model has similar capability to the original SASS model, when they are utilized to calculate the normalized mean backscatter. Mathematically, while, the improved SASS model is much simpler. The SASS model is an empirical function with two coefficients G and H , which specifies the relationship between normalized backscatter and wind speed as
where  is radar grazing angle in degree,  is horizontal angle between radar look direction and upwind direction. The two coefficients G and H of SASS data are tabulated separately for VV and HH polarization in G-H table in [8] .
U is the wind speed in meters per second at a height of 19.5 m above sea surface. The G-H table is listed every 2  in grazing angle and every 10  in azimuth.
In [6] , the normalized scattering coefficients 0  is defined as
The coefficients 1 C , 2 C , and 3 C are functions of grazing angle, wind speed, and polarization, which can be described as  are normalized backscatter values at upwind, crosswind, and downwind direction, respectively. They are represented by an exponential function of grazing angles [8] .
In this paper, the improved SASS model is developed has the same form of (6) (5) . In addition, the wind speed value in the improved SASS model is corrected from 19.5 m to 10 m above sea surface, which is unified with the definition of Douglas sea state [4] . The block diagram of developing the improved SASS model is shown in Fig.1 with a detail explanation of this algorithm. Secondly, the coefficients 1 C , 2 C , and 3 C in improved SASS model are calculated from (7) to (9). Thirdly, the wind speed in the improved SASS model is corrected to 10 U at a height of 10 m above sea surface. A function is presented in [3] to covert wind speed at any height to the wind speed 10 U , which is defined as (12) Moreover, the improved Ĝ and Ĥ values are generated by using Curve Fitting in MATLAB R2014b, which are fitted to quadratic polynomials about grazing angle as Finally, the improved SASS model is generated as a function of azimuth and coefficients 1 C , 2 C , and 3 C by (6). The improved coefficients Ĝ and Ĥ are related to the equivalent wind speed 10 U for VV and HH polarizations. Parameters of Ĝ and Ĥ polynomials are listed in Table. 1 at an effective grazing angle range of 20 90    for VV and HH polarizations in upwind, crosswind and downwind directions. Furthermore, the usage method of the improved SASS model is shown in Algorithm 1 under the input radar operation conditions. The output of this algorithm is the estimated mean backscatter coefficient of sea clutter. 
Simulation Results and Analysis
In this section, comparisons among the improved SASS model and the Nathanson models are implemented at different grazing angles, azimuth directions and wind speed values, which are within their effective ranges. By analyzing the comparison results, characteristics of the improved SASS model are explained. To verify the reliability of the improved SASS model, a set of measured radar sea clutter data is compared with this model as well. The clutter data is measured by a Ku-band radar, operated at VV polarization and grazing angles ranged from 20  to 90  . In Fig.2(a) and Fig.2(b) , it is illustrated that. 0  is an increasing function of grazing angle in all models and has a larger value for VV polarization than HH polarization. The backscatter curve of TSC model is figured at grazing angles below 60  , as the quasi-specular reflection part of the TSC model is not considered in these figures. It can be seen that the deviations between the improved SASS model and Nathanson data, RADSCAT data, and HYB models are revealed within 5 dB approximately during the effective scope of grazing angle. Moreover, the Nathanson models are depicted more suitable with Nathanson data at low grazing angles, while the improved SASS model is more consistency at medium and high grazing angles. In addition, the improved SASS model is shown a litter larger than Nathanson models, which maybe because the SASS model has a higher measurement wind speed 10 U than the Nathanson data in the same Douglas sea state. The variation of 0  with azimuth at sea state of 3 and VV polarization is shown in Fig.3(a) and Fig.3(b) at grazing angles of 30  and 60  , respectively. The improved SASS model and the TSC model are shown with a periodicity of 180  , a maximum value in upwind direction, a minimum value in crosswind direction, and then followed by a medium value in downwind direction. Furthermore, the minimum value of improved SASS model in Fig.3(a) is illustrated with a tendency towards downwind direction, which has been revealed in [7] for the backscatter of SASS model was always with the strongest value at the upwind direction and a minimum value not exactly at the crosswind direction but rather towards the downwind direction. The Nathanson data and the NRL model have no variation since they are averaged over azimuth direction. The backscatter values of Nathanson data are -23 dB and -14 dB with no error likely at grazing angles of 30  and 60  , respectively [5] . Less deviations are shown between the improved SASS data and the Nathanson data. The HYB model is removed in Fig.3(b) since the grazing angle of 60  is out of its valid range.
In Fig.4(a) and Fig.4(b) , the increasing relationship between 0  and wind speed is shown at a grazing angle of 30  and in upwind direction for VV and HH polarization, respectively. The improved SASS model is depicted with wind speeds from 0 m/s to 15 m/s. The Nathanson data and Nathanson models are presented at Douglas sea states from 1 to 5. Since the improved SASS model is measured with a valid wind speed above 4.3 m/s, the extrapolations below 4.3 m/s are indicated by dashes on both plots. The Nathanson data used here refers to [5] , which is noted that about 5 dB error not unlikely at grazing angle of 30  and sea state of 1 and 2. As shown in these figures, the deviation between improved SASS model and Nathanson data are depicted within 5 dB for both polarizations. Moreover, the HYB model is fitted well with the improved SASS model with a few deviations less than 5 dB. In addition, the deviations among Nathanson models and Nathanson data are increased with sea state, especially at sea state of 4 and 5 for HH polarization in Fig.4(b) .
As a limitation of the measured condition, the comparisons between the measured data and the improved SASS model are only implemented at wind speed of 5 and 8 m/s, which are shown in Fig.5(a) and Fig.5(b) respectively. Fortunately, the improved SASS model is in good accordance with measurements, which demonstrates that the proposed model is appropriate.
The comparison results among these models are listed in Table. 2, which is implemented with grazing angles up to 60  and sea states from 1 to 5. It can be seen that the Nathanson models have lower RMSE (root mean squared error) values with the improved SASS model at 30  than 60  , which in turn reveals that the Nathanson models are more suitable for lower grazing angles. Thus, the improved SASS model can be used in the sea clutter simulation, especially at high grazing angles and large wind speed. The effective range of 19.5 U in SASS date is limited from about 4.5 m/s to 24 m/s, which can be converted to an equivalent wind speed 10 U from about 4.3 m/s to 22.2 m/s relating to Douglas sea state between 2 and 7 [8] . Hence, the measurement condition of wind speed in SASS model are more inclined to higher sea states. It should be noted that the improved SASS model are only suitable at Ku-band. Moreover, the accuracy of SASS data at grazing angles below about 40  and above about 65  is relatively less because of a lack of measured data [8] . 
Summary
This paper has proposed an improved SASS model, which is concise and appropriate at medium and high grazing angles, based on the measured mean backscatter data by the SEASAT-A Satellite Scatterometer at Ku-band. The feasibility of our proposal is verified by the comparisons among the improved SASS model, the Nathanson models and measured data from a Ku-band radar with VV polarization. As a consequence, the improved SASS model is proved to be well fitted with the measured data and is confirmed more suitable in the conditions of medium and high grazing angles. Thus, the mean clutter intensity that is dominated by the mean backscatter values of sea clutter, can be estimated by the improved SASS model under radar operation conditions, at medium and high grazing angles in Ku-band with a simplification structure.
